Background {#Sec1}
==========

Two-dimensional (2D) materials, such as graphene \[[@CR1]--[@CR6]\], silicene \[[@CR7]--[@CR13]\], germanene \[[@CR14]--[@CR16]\], hexagonal boron nitride (hBN) \[[@CR17], [@CR18]\], and transition metal dichalcogenides (TMDs, such as MoS~2~) \[[@CR19], [@CR20]\], have received considerable attention recently because of their outstanding properties and potential applications. These 2D layers can be integrated into a multilayer stack (vertical 2D heterostructure) and have been widely studied experimentally and theoretically, such as graphene/silicene (G/Si) \[[@CR21], [@CR22]\], graphene/hexagonal boron nitride (G/hBN) \[[@CR23], [@CR24]\], silicene/HBN \[[@CR25]\], silicene/GaS \[[@CR26], [@CR27]\], TMDCs/graphene \[[@CR28], [@CR29]\], stacked TMDCs \[[@CR30], [@CR31]\], phosphorene/MoS2 \[[@CR32]\], and phosphorene/graphene \[[@CR33]\]. The resulting artificial 2D heterostructures provide access to new properties and applications far beyond their simplex components.

Most recently, a new 2D material, stanene (the form of 2D stannum), firstly proposed by Liu et al. \[[@CR34]\], has been mentioned as a host material for topological insulator (TI), which are new states of quantum matter with an insulating bandgap in the bulk while conducting states at the edges and protected by time reversal symmetry \[[@CR35]--[@CR40]\]. For instance, stanene and its derivatives could support a large-gap 2D quantum spin Hall (QSH) state and thus enable the dissipation less electric conduction at room temperature. Moreover, stanene could also provide enhanced thermoelectricity \[[@CR41]\], topological superconductivity \[[@CR42]\], and the near-room-temperature quantum anomalous Hall (QAH) effect \[[@CR43]\]. Zhu et al. \[[@CR41]\] have reported the successful fabrication of 2D stanene with metallic features on the Bi~2~Te~3~ (111) substrate by molecular beam epitaxy (MBE). Xu et al. \[[@CR44]\] found that varying substrate conditions AB(111), where A = Pb, Sr, Ba and B = Se, Te, considerably tunes electronic properties of stanene, and the supported stanene gives either trivial or QSH states, with significant Rashba splitting induced by inversion asymmetry.

Technically, it is possible to fabricate a heterostructure of stanene on a suitable substrate, in order to form honeycomb-like bilayer atomic structure. Stanene has a hexagonal lattice, as well as the requirement of lattice status of the substrate. The lattice mismatch between the substrate and the stanene should be small, and it should be energetically favorable to stanene to grow in a quasi-two-dimensional growth mode. As one of the popular 2D materials, we propose a question whether stanene can grow on a graphene substrate or stanene/graphene (Sn/G) can form a 2D heterostructure with promising structural and electronic properties.

In this work, we design a new 2D stanene/graphene heterostructure and study its geometric and electronic properties by using first-principles calculations. The results show that stanene interacts overall weakly with graphene via vdW interactions. Therefore, their intrinsic electronic properties can be preserved in stanene/graphene heterostructure. Moreover, interlayer interactions in stanene/graphene heterostructure can induce tunable band gaps at stanene's Dirac point, and weak p-type and n-type doping of stanene and graphene, respectively. Our paper is organized as follows. In the "[Methods](#Sec2){ref-type="sec"}" section, we describe the details of computational methods. The results and discussions are presented in the "[Results and Discussion](#Sec3){ref-type="sec"}" section. Finally, a brief summary is summarized in the "Conclusions" section.

Methods {#Sec2}
=======

Our theoretical calculations are performed in the framework of density functional theory (DFT) \[[@CR45]\] as implemented in the Vienna ab initio simulation package (VASP) \[[@CR46]\]. Valence wave functions are treated by the projector augmented wave (PAW) \[[@CR47], [@CR48]\] method that uses pseudopotential operators but keeps the full all-electron wave functions. The interlayer interaction is checked by various exchange-correlation energy functionals, including the local density approximation (LDA) \[[@CR49]\], the Perdew--Burke--Ernzerhof (PBE) \[[@CR50]\] generalized gradient approximation (GGA), and the PBE with vdW corrections: the vdW-D2 functionals \[[@CR51]\]. The plane-wave energy cutoff is set to be 400 eV. We have checked the convergence of k points, and a 5 × 5 × 1 k-sampling generated by the Monkhorst--Pack scheme \[[@CR52]\] with Gamma centered for the Brillouin zone is adopted. The structural optimization is allowed to relaxed until the maximum force on each atom becomes at least less than 0.01 eV/Å and the maximum energy change between two steps is smaller than 10^−5^ eV. A vacuum layer of at least 20 Å is used.

Results and Discussion {#Sec3}
======================

Geometry and Energetics of Stanene/Graphene {#Sec4}
-------------------------------------------

For the monolayer graphene and free-standing low-buckled stanene, the lattice constants we obtained from LDA are 2.45 and 4.56 Å, respectively, which agree well with the reported values of 2.46 and 4.67 Å for graphene and stanene, respectively \[[@CR53], [@CR54]\]. Note that the lattice mismatch is as large as 7% even when a supercell consisting of 2 × 2 lateral periodicity of graphene and 1 × 1 stanene is employed. And the matched structure usually forms when the mismatch is small. An appropriate supercell in the bilayer system can be obtained by inducing relative rotations between the stanene and graphene substrates. For a 2D hexagonal lattice, it can be realized to get various lattice angles by longer lattice vectors from the primitive unit cell. For example, the angles corresponding to the lattice vectors for $\documentclass[12pt]{minimal}
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Figure [1](#Fig1){ref-type="fig"} shows the atomic structure of the Sn/G bilayer heterostructure system. The yellow and red atoms represent different types of Sn atoms in the low-buckled monolayer. A Sn atom in the top layer of stanene is placed on the top of a C atom in graphene. After relaxing, the buckling height Δ is found to be 0.8 Å in this system, and the interlayer distance from graphene to the bottom Sn layer is 3.5 Å based on the LDA calculation (to be discussed below), indicating that it belongs to the class of vdW type of heterostructures.Fig. 1Top and side views of the heterostructure of $\documentclass[12pt]{minimal}
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*L* ~Sn/G~ in Table [1](#Tab1){ref-type="table"} is the heterostructure length of the fully relaxed Sn/G bilayer determined by the LDA, while *L* ~Sn~ and *L* ~G~ are the lattice constants for the particular unrelaxed supercells of stanene and graphene, respectively. The lattice parameter of Sn/G heterostructure is fixed to be (*L* ~Sn~ + *L* ~G~)/2 with a small lattice mismatch for both stanene and graphene. After fully relaxation, it is found that *L* ~Sn/G~ is very close to *L* ~G~, which indicates that there is almost no strain in graphene layer. The lattice mismatch between the periodic unrelaxed supercell of monolayer stanene and graphene is defined as mismatch *=* \|*L* ~Sn~ − *L* ~G~\|*/L* ~G~, and it is a quite small value as shown in Table [1](#Tab1){ref-type="table"}. The strain in the stanene layer is defined by$$\documentclass[12pt]{minimal}
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where *a* and *a* ~0~ are the relaxed (bilayer) and unrelaxed primitive lattice constants.

As shown in Table [1](#Tab1){ref-type="table"}, we focus on the heterostructure models that induce a strain of less than 3%. The bond angles *θ* and buckling height Δ in stanene will be slightly affected by the strain as shown in Table [1](#Tab1){ref-type="table"}. In free-standing monolayer stanene, the bond angle *θ* is uniform, as shown as red circle in Fig. [2](#Fig2){ref-type="fig"}. With the presence of a substrate, the bond angles exhibit a small variation of a few degrees, as the lattice symmetry is slight broken in the Sn layer. *θ* shown in Table [1](#Tab1){ref-type="table"} is the average value, and all the distributions of bond angles are shown in Fig. [2](#Fig2){ref-type="fig"}. Obviously, when the strain \< 0, the stanene layer is applied by a compressive strain, which causes the bond angle *θ* to be slightly smaller and the buckling height Δ to be higher. There are opposite results when the strain \> 0, the stanene layer is forced by a tensile strain. The change of electronic properties caused by the variation of bond angles will be discussed below.Fig. 2Distribution of the bond angles in Sn layer of different heterostructure models in Table [1](#Tab1){ref-type="table"} and corresponding monolayer stanene

The vdW interaction between the layers requires special attention. To quantitatively characterize the interlayer interaction strength, we define a binding energy (*E* ~b~, per Sn atom) in the Sn/G bilayer as$$\documentclass[12pt]{minimal}
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where *E* ~Sn/G~, *E* ~Sn~, and *E* ~G~ represent the total energies of the Sn/G heterostructure, corresponding monolayer stanene, and monolayer graphene, respectively, and *N* ~Sn~ is the number of Sn atoms in this structure. This binding energy for the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$ \mathrm{S}\mathrm{n}\left(\sqrt{7}\right)/\mathrm{G}(5) $$\end{document}$ bilayer is evaluated by various exchange-correlation functionals, and the results as a function of the layer separation are shown in Fig. [3](#Fig3){ref-type="fig"}. Except for the PBE-GGA that fails to create any binding between the layers, other functionals (LDA and PBE-vdW-DF2) predict energy minima at an interlayer separation around 3.5--3.7 Å. The LDA gives an energy lowering of 72 meV per Sn atom due to the interlayer interaction, which is higher about 70 meV than the case of explicit PBE vdW calculations, suggesting that the results of PBE vdW method are more credible due to the interlayer interaction. Since we are mostly concerned with relative energies and the electronic structure in the present work, and the variation in the interlayer separation around 3.5--3.7 Å is not expected to significantly affect the results. In the following, we will report LDA results at an interlayer separation of 3.5 Å for the simplicity of the calculations. As shown in Table [1](#Tab1){ref-type="table"} and *E* ~b~ in Fig. [5](#Fig5){ref-type="fig"}b, the smallest strain structure $\documentclass[12pt]{minimal}
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The energetics of the stanene overlayer can be addressed by examining the energy per Sn atom defined as:$$\documentclass[12pt]{minimal}
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where *μ* ~Sn~ is the chemical potential set to the energy per atom of bulk Sn. The calculated energies per Sn atom using different heterostructures in Table [1](#Tab1){ref-type="table"} are plotted as a function of the strain in Fig. [5](#Fig5){ref-type="fig"}a. The value of *E* ~c~ is positive, indicating that the 2D structure is higher in energy than the 3D diamond structure. Among all the heterostructures we have considered, $\documentclass[12pt]{minimal}
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Electronic Structure {#Sec5}
--------------------

Two-dimensional honeycomb structures exhibit a symmetry between the sublattices and therefore have a linear energy dispersion in the vicinity of the Dirac points at K point. Figure [6](#Fig6){ref-type="fig"}c shows the projected band structures of $\documentclass[12pt]{minimal}
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                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$ {N}_{h/e}=\frac{{\left(\varDelta {E}_{\mathrm{D}}\right)}^2}{\ \pi \Big(\hslash {\nu_{\mathrm{F}\Big)}}^2}, $$\end{document}$$ Fig. 6Electronic structures of the **a** monolayer graphene, **b** monolayer stanene, and **c** bilayer $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$ \mathrm{S}\mathrm{n}(3)/\mathrm{G}\left(\sqrt{31}\right) $$\end{document}$. The *red line* represents the Fermi level, which set to be zero. The relative contribution of stanene is coded by color: *blue* (*red*) corresponds to the state originating only from stanene (graphene). The substrate-induced gap is 67 meV for Sn (Γ) and 3 meV for graphene (K)

where *ΔE* ~D~ is the shift of graphene's Dirac point (*E* ~D~) relative to the Fermi level (*E* ~F~), that is *ΔE* ~D~ = *E* ~D~ − *E* ~F~. Our calculated charge carrier concentrations are *N* ~h~ (Sn) = 1.4 × 10^12^ cm^−2^ and *N* ~e~ (G) = 1.6 × 10^11^ cm^−2^ for stanene and graphene in bilayer, respectively. These values are larger than the intrinsic charge carrier concentration of graphene at room temperature ( *n* = πk~B~ ^2^T^2^/6*ℏ*ν~F~ ^2^ = 6 × 10^10^cm^− 2^) \[[@CR58]\]. Furthermore, the charge carrier concentrations of both stanene and graphene in Sn/G heterostructure can be tuned via the interfacial spacing \[[@CR59]\]. The self-doping phenomenon in Sn/G heterostructure provides an effective and tunable way for new optoelectronic devices.

Figure [7](#Fig7){ref-type="fig"} shows the band structure of other four supercell models. We can find that the position of the Dirac point located at different high-symmetry point results from the band-folding caused by the various supercell. The graphene substrate introduces an inhomogeneous potential that breaks the sublattice symmetry of stanene. For a free-standing stanene monolayer, the bond angles are uniform. For the graphene-supported layer, the bond angles have a variation, as shown in Fig. [2](#Fig2){ref-type="fig"}; hence, the sublattice symmetry is broken, and a gap is opened. And the opened gaps at the Dirac point for $\documentclass[12pt]{minimal}
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When focusing on Fig. [7](#Fig7){ref-type="fig"}a, d, we find that the Dirac points of stanene and graphene are located at the same high-symmetry point K. To investigate the mechanisms of action more clearly, the projected band structure and density of states (DOS) of $\documentclass[12pt]{minimal}
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Conclusions {#Sec6}
===========

In conclusion, by first-principle calculations, we found it is possible to synthesize stanene on the graphene substrate without destroying its characteristics of the Dirac-fermion-like linear dispersion around Dirac points, due to the weak van der Waals interlayer interaction. In addition, multiple phases of different crystalline orientation of stanene and graphene could coexist at room temperature based on our energetics analysis. Moreover, interlayer interactions in stanene and graphene heterostructure can induce tunable band gaps at stanene's Dirac point, and weak p-type and n-type doping of stanene and graphene, respectively, generating a small amount of electron transfer from stanene to graphene. For stanene on graphene, the gap created by the substrate effect is of the same order as that induced by the SOC effect. Interestingly, for model $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$ \mathrm{S}\mathrm{n}\left(\sqrt{7}\right)/\mathrm{G}(5) $$\end{document}$, there exists a band inversion around the Dirac zones at K point and emerges a band gap about 34 meV overall the band structure, indicating that it shows a semiconductor feature. Our fundamental study of the structural and electronic properties of these stanene/graphene heterostructures may provide important insight and useful guideline for the grown and applications of stanene or other 2D vdW heterostructures.
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